Purpose: This study aimed to characterize the gut microbiota in obese Shenzhen 22 adolescents, and evaluate the influence of gender on BMI-related differences in the gut 23 microbiome. 24
INTRODUCTION 47
Obesity during childhood and adolescence is associated with cardiovascular disease and 48 metabolic syndrome later in life, and has become a significant public health concern 49 worldwide (Collaboration NCDRF. 2017). The human gut microbiome is being 50 increasingly recognized as an important factor in the development of obesity (Ley et al. 51 2006; Shen et al. 2013) , and it is highly involved in the host calorie harvest and energy 52 homeostasis (Rios-Covian et al. 2016) . Alterations in the gut microbiota caused by such 53 as antibiotics exposure, is linked to a variety of metabolic diseases including obesity, 54 type 1 and type 2 diabetes (Cox and Blaser. 2015) . Studies from both animal and human 55 have suggested divergences in the gut microbiome composition result in different 56 weight gain post same diet (Le Chatelier et al. 2013; Thaiss et al. 2016 ). In addition, 57 some gut microbes may stimulate chronic low-grade inflammation by such as 58 producing lipopolysaccharides, thereby contributing to obesity and insulin resistance 59 (Boulange et al. 2016) . Moreover, modulation of the gut microbiota by fiber 60 supplementation or fecal microbiota transplantation can suppress inflammation and 61 improve insulin sensitivity, suggesting the vital role of the gut microbiota in etiology 62 of metabolic syndrome (Cani et al. 2008). 63 Investigations have been performed to identify the gut microbiota markers of obesity； 64 However, no consistent pattern was not obtained from different studies. For example, 65
both Bä ckhed et al. (Backhed et al. 2004) and Turnbaugh et al (Turnbaugh et al. 2006) . 66 found that a decreased ratio of Bacteroidetes to Firmicutes in people with obesity, but 67 failed to be supported by the other human studies (Shi et al. 2006; Duncan et al. 2008) . 68 5 Indeed, the gut microbiome composition appears to be shaped by host genetics, age, 69 gender, geographical locations, and other environmental factors. By characterizing the 70 gut microbiota of 7,009 individuals from 14 districts within the Guangdong province 71 of China, He et al. showed that host location is the strongest explanatory factor to the 72 microbiota variations (He et al. 2018) . Our previous study demonstrated BMI 73 differences in the gut microbiota are gender specific (Gao et al. 2018 
BMI Is Associated with Compositional Changes in The Gut Microbiome of 153
Adolescents 154 9 After quality filtering, a total of 17,323,193 sequencing reads were obtained from 205 155 fecal samples. Taxa that have less than 0.01% relative abundance across all samples 156 were excluded. An overall of 518 OTUs were identified, which were grouped in 9 157 phylum and 69 genera. Richness (number of OTUs and Chao1 indexes) and alpha 158 diversity (Shannon and Inverse Simpson indexes) were estimated at the OTU level with 159 samples rarefied to depth of 37,027 reads (the lowest number of sequences). The 160 richness of was higher in the overweight subjects compared with those with normal 161 weight ( Figure S1A , B). No significance in alpha diversity was obtained among the 162 three BMI groups (Figure S1C, D). With respect to beta diversity, PCoA of Bray-Curtis 163 dissimilarity index demonstrated that the overall gut microbiome composition was not 164 able to be stratified by BMI ( Figure S2 ). 165 Differential taxa abundance was analyzed using one-way ANOVA. At the phylum level, 166
Verrucomicrobia was more abundant in obese adolescents ( Figure 1A ). At the family 167 level, obese adolescents had increased abundances of Actinomycetaceae (including 168 genera Actinobacteria and Collinsella; Figure 1C ), Clostridiaceae (including genera 169 Clostridium and SMB53; Figure 1C ), Cytophagaceae (including Rhodococcus genus; 170 Figure 1C ), Streptococcaceae (including Streptococcus genus; Figure 1C ), and 171
Veillonellaceae, and decreased abundances of Christensenellaceae and Rikenellaceae 172 ( Figure 1B) . The relative abundance of Nocardiaceae family was particular higher in 173 the overweight subjects. In addition, Erwinia belonging to Enterobacteriaceae family 174 was found with a higher relative abundance in obese adolescents ( Figure 1C ). 10 Fifty-six taxa were identified with significant correlations with BMI with most of the 176 members belonging to the Firmicutes phylum (48 OTUs), and 17 and 12 taxa part of 177 the Ruminococcaceae and Lachnospiraceae families, respectively (Table S1, S2, S3). 178
For each content of serological surveys and boy composition, we used Spearman 179 correlation method to identify their associations with the 56 BMI-associated taxa. Three 180
Firmicutes taxa (two OTUs belonging to Ruminococcaceae and one belonging to 181 Lachnospiraceae) were found having relatively strong positive correlations with BMI, 182 body fate rate, waistline, and inverse correlations with body water, protein, muscle, and 183 mineral salts rates ( Figure 2A ). Notably, these three taxa also positively correlated with 184 most of serum biochemical parameters, except TBIL. Notably, a few of 185
Ruminococcaceae bacteria were inversely correlated with BMI, including 186
Faecalibacterium prausnitzii. 187
To further investigate the BMI-associated bacterial taxonomic biomarkers in the gut 188 microbiome in Chinese adolescents, we built a RF model to classify the phenotypes 189 based on the 56 OTUs identified by the Spearman correlation. Tuning of the RF model 190 resulted in mtry=14 for ntree=500. The 30 most BMI-discriminatory taxa identified by 191 the RF model were shown in Figure 2B in rank order of their contribution to the 192 predictive accuracy. We calculated the interpolated area under the receiver operating 193 characteristic (ROC) curves (AUC) for the classifier based on the cross-validation 194 testing results. We successfully classified obese adolescents with a high classifiability 195
( Figure 2C ; AUC=0.96). Adolescents with normal weight and those overweight were 196 11 also able to be classified, with AUC of 0.86 and 0.76 for subjects with normal weight 197 and overweight, respectively. 198
Gut Microbiota Gene Content Associated with PPAR Signaling and Adipocytokine 199
Signaling Are Reduced in Obese Adolescents 200
We also used Spearman correlations to identify the BMI-associated functional profile 201 of microbial community 16S rRNA sequence data by using PICRUSt (Langille et al. 202 2013) . We selected seven KEGG pathways that had significant correlation (p<0.01) 203 with BMI (Table S4 , S5, S6). For each of the KEGG pathways that significantly 204 associated with BMI, we further used Spearman correlations to identify their 205 associations with the serological parameters and body composition ( Figure 3A) . The 206 predicted gene content of related to peroxisome, PPAR signaling pathway, and 207 adipocytokine signaling pathway showed inverse associations with BMI, body fat rate, 208 and waistline, and positive correlation with body water rate, protein rate, muscle rate, 209 and mineral salts rate. In particular, PPAR signaling pathway and adipocytokine 210 signaling pathway were found significantly downregulated in the obese adolescents 211 comparing to the normal weight and overweight counterparts ( Figure 3B ). Additionally, 212 these pathways were inversely correlated with CER/CP, blood sugar level, (both 213 systolic and diastolic) blood pressure, CRP, WBC, PUFA, and ALT. The predicted gene 214 content related to synthesis and degradation of ketone bodies, beta Alanine metabolism, 215 glycosyltransferases, and other ion coupled transporters positively associated with BMI, 216 body fat rate, and waistline, but negatively associated with body water rate, protein rate, 217 muscle rate, and mineral salts rate. 218 12
BMI Differences in The Gut Microbiome of Adolescents Are Influenced By Gender 219
With the gut microbiota sequencing data of 516 Chinese adult, we previously found 220 that BMI differences in the gut microbiome composition are gender specific (Gao et al. 221 2018) . Since age has also been reported as a confounding factor influencing the gut 222 microbiome, and it is uncertain whether the gender differences discovered in adult 223 people also exist in adolescents. Here we evaluate whether BMI differences in the gut 224 microbiome of adolescents are influenced by gender. Neither alpha diversity nor beta 225 diversity was found significantly different between Chinese boys and girls ( Figure S1 , 226 S2). At the family level, the relative abundances of Bacteroidaceae, Brucellaceae, 227
Clostridiaceae, Lachnospiraceae, Planococcaceae, and Streptococcaceae were more 228 abundant in boys than girls ( Figure S3A ). 229
We then compared the relative abundances of the gut microbiome among the three BMI 230 categories with gender stratification (Figure S3B Another pathway of importance that was differentially decreased in the obese 308 adolescent was adipocytokine signaling. Adipocytokines derived from adipose tissue, 309
including various hormones (such as leptin, adiponectin, resistin, visfatin) and 310 cytokines (such as interleukin-6 and tumor necrosis factor α), are important regulators 311 of energy homeostasis and mediators of inflammation and immunity (Tilg and Moschen. 312 2006) . There is overwhelming evidence that deficiencies in adipocytokines contribute 313 to the development of obesity and the associated comorbidities (Cao. 2014). 314 Importantly, some adipocytokines are able to modulate gut microbial composition 315 independently of dietary (Rajala et al. 2014) . Further investigations are needed to 316 identify the exact bacterial products that affect these two pathways in order to determine 317 their roles in adiposity. 318
In our previous study with the fecal microbiome profiles Chinese adults (527 adults 319 aged 37.3± 16.3), enrichment of Fusobacteria and Actinobacteria were observed in the 320 male and female obese subjects, respectively (Gao et al. 2018 ). Functionally, bacterial 321 genes associated with butyrate-acetoacetate CoA-transferase were found to be enriched 322 in the gut microbiome of obese Chinese adults (Gao et al. 2018 ). However, these 323 features were not obtained from the adolescent data (205 adolescents aged 13.31± 1.55). 324
These inconsistencies may relate to differences of age. The influence of gender on the 325 gut microbiota have also been investigated in studies from ours and others. For example, 326 members of Bacteroides were found in a lower level in adult females than males from 327 surveys of European (Mueller et al. 2006) and US populations (Dominianni et al. 2015) , 328 17 which was also observed from our data of Shenzhen adolescents, but not in our previous 329 study with Chinese adults (Gao et al. 2018) . Indeed, geographical location has been 330 found exerting a strong effect on human gut microbiota variations (He et al. 2018) . 331
Shenzhen is one of the most developed cities in China and world-wide, and its lifestyles 332 (especially diet) are much similar to western countries than other areas of China. Hence, 333 some similarities the gut microbiome composition may exist between Shenzhen citizens 334 and westerners. Taken together, the influence of geographical location, age, and gender 335 can (partly) explain the inconsistent patterns across studies. 336
In conclusion, the BMI-associated differences in gut microbiota profiles were able to 337 be used as biomarkers for characterizing obese adolescents. The gene contents 338 associated with PPAR signaling pathway significantly reduced in the gut microbiome 339 of obese adolescents, and determining the exact metabolites produced by specific 340 species may provide invaluable microbial targets for prevention, assessment, and 341 treatment of obesity for adolescents. Our result reinforced a need to consider the 342 influence of age, gender and geographical location when choosing controls to compare 343 the gut microbiome of disease cases. 
